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Changes in anthropogenic emissions in East Asia will cause substantial variations in the precipitation
chemistry. In particular, the effects of changes in China, where NOx emissions have been rising
continuously and SO2 emissions peaked in 2005e2006, are important. The absolute chemical concen-
tration in precipitation is inherently linked to the amount of precipitation; therefore, in this work we
used the ratio of nitrate ðNO3Þ to non-seasalt sulfate nss­SO24
 
concentration in precipitation on an
equivalent basis (hereinafter, Ratio). Here, we extend the method in our previous study (Itahashi et al.,
2014a) to Korea and China. We analyzed the long-term behavior of Ratio in precipitation during 2000
e2011 and investigated the factors responsible for variations of Ratio in precipitation by using a model
simulation with sensitivity analysis for emission changes in China. Ratio over Japan, Korea, and China
decreased slightly or remained constant during 2000e2005 (ﬁrst 6 years of 2000e2011) and subse-
quently increased during 2006e2011 (last 6 years of 2000e2011). Linear regression analysis of the ob-
servations showed signiﬁcant increases in Ratio during 2006e2011: þ3.4 ± 1.0%/year, þ13.2 ± 4.1%/year,
and þ9.8 ± 2.5%/year for Japan, Korea, and China, respectively (each p < 0.05). These variations in Ratio
corresponded closely to the changes in the NOx/SO2 emission ratio in China. This suggests that
anthropogenic emissions from China were responsible for most of the variation in precipitation chem-
istry in East Asia. Model simulations for 2000e2011 and their reproducibility were validated by com-
parison with the observation dataset, and they captured the observed features well. Sensitivity analysis
of emissions from China in the model simulation for 2009e2011 clariﬁed that the increase in NOx
emissions from China contributed to 55e60% of the increase in Ratio in China and around 50e55% in
Korea and Japan; the contribution of the increase in NOx emissions was smaller in the region downwindahashi), uno@riam.kyushu-u.ac.jp (I. Uno), haya@criepi.denken.or.jp (H. Hayami), fujiz@criepi.denken.or.jp (S.-i. Fujita).
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
S. Itahashi et al. / Atmospheric Environment 118 (2015) 87e9788of China. In contrast, the decline in SO2 emissions from China contributed below 40% in China and around
40e45% in Japan; the effect was larger in the region downwind of China.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Acid deposition began to be recognized as a regional-scale
environmental problem in Europe and eastern North America
during the 1970s (U.S. NAPAP, 1991). Recently, East Asia has begun
to experience this problem (Fujita et al., 2000). Anthropogenic
emissions in East Asia have been rising since 1980, as the popula-
tion of East Asia has grown and the economies of East Asian
countries have expanded. Emissions in Asia have surpassed the
emissions in North America and Europe in themid-1990s (Akimoto,
2003). Emissions are especially high in China, where NOx emissions
have been rising steadily. However, fuel-gas desulfurization sys-
tems introduced as part of China's 11th Five-Year Plan (2006e2010)
have meant that SO2 emissions in China peaked in 2005e2006 and
have subsequently declined (Kurokawa et al., 2013). The changes in
anthropogenic emissions of acidifying pollutants in East Asia are
expected to have a substantial effect on the precipitation chemistry
over East Asia.
To understand the chemical composition of precipitation, the
behavior of deposited chemicals that are generated in the atmo-
sphere and precipitated out must be elucidated. However, the wet
deposition itself would be affected by the amount of precipitation.




concentration in precipitation on an
equivalent basis, hereinafter referred to as Ratio, is useful for eval-
uating the relative contributions of nitrogen and sulfur to the acidity
of precipitation. Although the difference in size distribution between
NO3
 and nss­SO4
2 affects their scavenging efﬁciency, and thus
their concentration in precipitation, several studies have highlighted
the link between Ratio and its related emissions. Over Japan, Ratio
was about 0.41 between 1987 and 1990 (Fujita et al., 2003). For
1987e1996, over western Japan Ratio increased substantially by
0.09e0.17, reaching about 0.5 in the late 1990s. This corresponded to
the larger increase in NOx emissions compared with SO2 emissions
across East Asia (Takahashi and Fujita, 2000). In our previous study
(Itahashi et al., 2014a), we analyzed the long-term behavior of Ratio
in precipitation over the Japanese archipelago for 2000e2011. This
showed that Ratio remained constant around 0.5e0.6 between 2000
and 2005, and subsequently increased to 0.6e0.7 between 2006 and
2011. During this period, the NOx/SO2 emission ratio in Japan has
been constantly decreasing, and variations in Ratio closely followed
the changes in the NOx/SO2 emission ratio in China. This suggests
that anthropogenic emissions from China were responsible for the
change in precipitation chemistry over Japan. Sensitivity analysis in
the model simulation demonstrated that the increase in NOx
emissions from China and the decline in SO2 emissions from China
contributed almost equally to the increases in Ratio in precipitation
over Japan.
In this work, we analyze the chemical components in precipi-
tation above China and Korea further, and investigate the behavior
of precipitation chemistry, focusing on Ratio. This paper is orga-
nized as follows. In Section 2, the observation dataset for precipi-
tation in China, Korea, and Japan are analyzed, and the long-term
behavior for the period 2000e2011 is examined. In Section 3, the
framework of the model simulation is introduced and validated by
comparing model simulation results with observational data. The
model simulation was conducted during 2000e2008 and twosensitivity analyses were conducted based on ﬁxed and estimated
emissions from China for 2009, 2010, and 2011. The factors con-
trolling the variations in Ratio are examined. Finally, our conclu-
sions are presented in Section 4.2. Observed trends in precipitation chemistry
The observation datasets for wet deposition provided by the
Acid Deposition Monitoring Network in East Asia (EANET) program
(http://www.eanet.asia/index.html) weremainly used in this study.
In China, observations have been conducted over three areas in
southern China (Chongqing, Zhuhai, and Xiamen) and one area in
central China (Xi'an). Observations from each site in these areas are
from 2000. In Korea, observations at Cheju and Kanghwa are
available from 2000, and those at Imsil are available from 2001.
Following our previous study (Itahashi et al., 2014a), the observa-
tion datasets at 10 monitoring sites in EANET were used. In addi-
tion, we use datasets from the atmospheric composition and
deposition data at Ryori conducted by the Japan Meteorological
Agency (JMA) under the Global AtmosphereWatch (GAW) program
of the World Meteorological Organization, and the cooperative
network for monitoring precipitation chemistry established by the
Central Research Institute of Electric Power Industry (CRIEPI). The
CRIEPI data were obtained at Komae near urban Tokyo, and Goto
Island at the western edge of Japan. The data from Komae were
used for 2000e2011, and the data from Goto were used for
2000e2003. Samples were collected by wet-only samplers at
10 day intervals at CRIEPI sites, and daily at the EANET and JMA
observation sites, except for weekly collection at Banryu, event or
weekly collection at Chongqing and Xi'an in 2000, and weekly
collection at Imsil in 2001. Concentrations of NO3
 and SO4
2 in
precipitation were determined by ion chromatography and quali-
ﬁed by ion balance and conductivity agreement. The completeness
of the data was determined from precipitation coverage duration
and total precipitation (EANET, 2000a,b). If the annual mean data
did not satisfy the EANET criteria, the monthly mean data for the
corresponding year were not used. From the EANET, JMA, and
CRIEPI monthly mean datasets, nss­SO4
2 concentration was
calculated from the conservative assumption that sodium (Naþ) is a
seasalt tracer. The geographical locations of the observation sites
are mapped in Fig. 1, and detailed information on the observation
period, longitude, latitude, altitude, and site classiﬁcation of each
site is listed in Table 1.
In this study, to analyze the long-term behavior over the 12
years during the period of 2000e2011, outliers in the observation
data were carefully examined. Monthly mean concentrations of
NO3
 and nss­SO4
2 in precipitation were analyzed by using the
SmirnoveGrubbs' outlier test. In this method, one outlier was
detected at a time, assuming that the most probable distribution
was an approximately normal distribution. The hypothesis of no













N  2þ t2ða=2N; N2Þ
vuut (1)
where N;C; and s are the number, mean, and standard deviation of
Fig. 1. Geographical mapping of observation sites used in this study. Detailed information about each observation site is provided in Table 1.
Table 1
Location of observation sites in China, Korea, and Japan.
Country Site Period Latitude (N) Longitude (E) Elevation (m a.s.l.) Classiﬁcation
China Chongqing
- Guanyinqiao 2000e2007 29.57 106.52 262 Urban
- Haifu 2008e2011 29.62 106.50 317 Urban
- Nanshan 2000 29.55 106.63 570 Rural
- Jinyunshan 2001e2011 29.82 106.37 800 Rural
Xi'an
- Shizhan 2000e2011 34.23 108.95 400 Urban
- Weishuiyuan 2000e2006 34.37 108.85 366 Rural
- Dabagou 2000 33.90 108.85 1200 Remote
- Jiwozi 2001e2011 33.83 108.80 1800 Remote
Xiamen
- Hongwen 2000e2011 24.47 118.13 50 Urban
- Xiaoping 2000e2011 24.85 118.03 686 Remote
Zhuhai
- Xiang Zhou 2000e2011 22.27 113.57 40 Urban
- Zhuxian Cavern 2000e2006 22.20 113.52 45 Urban
- Zhuxiandong 2007e2011 22.20 113.52 45 Urban
Korea Cheju 2000e2011 33.30 126.17 72 Remote
Kanghwa 2000e2011 37.70 126.28 150 Rural
Imsil 2001e2011 35.60 127.18 e Urban
Japan Hedo 2000e2011 26.87 128.25 60 Remote
Gotob 2000e2003 32.75 128.68 80 e
Banryu 2000e2011 34.68 131.80 53 Urban
Yusuhara 2000e2011 33.38 132.94 790 Remote
Oki 2000e2011 36.29 133.19 90 Remote
Sadoseki 2000e2011 38.25 138.40 136 Remote
Komaeb 2000e2011 35.64 139.58 27 e
Tokyo 2007e2011 35.69 139.76 26 Urban
Tappi 2000e2011 41.25 140.35 106 Remote
Rishiri 2000e2011 45.12 141.21 40 Remote
Ryoria 2000e2011 39.03 141.82 260 e
Ogasawara 2000e2011 27.09 142.22 230 Remote
Ochiishi 2003e2011 43.16 145.50 49 Remote
a JMA.
b CRIEPI, others with no remark: EANET.
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 or nss­SO4
2 in precipitation (Ci).
t2ða=2N;N2Þ denotes the critical value of the t-distribution with
(N2) degrees of freedom and a signiﬁcance level of (a/2 N). Iter-
ations were repeated until the dataset satisﬁed the speciﬁed sig-
niﬁcance level of 0.05. In this procedure, for Japan, Korea, and
China, NO3
 concentrations in precipitationwere discarded at 2.8%,
4.6%, and 4.0%, respectively, and nss­SO4
2 concentrations in pre-
cipitation were discarded at 1.5%, 3.4%, and 4.3%, respectively. Next,
the annual mean precipitation amount and wet deposition of NO3

and nss­SO4
2 were calculated from the monthly mean data if at
least 9 months of data were available for a given year. After
removing the outliers for NO3
 and nss­SO4
2 concentrations in
precipitation, Ratio was calculated on a monthly basis. For the
precipitation amount, months discarded by Grubb's test for NO3

and nss­SO4
2 concentrations in precipitation were not used to
maintain consistency in discarding concentrations.
Fig. 2 shows the long-term trend related to the precipitation
chemistry of observations for 2000e2011. We used the statistical
test for observations; therefore, the results for Japan were also
presented. The observed precipitation was around 1000 mm/year
in Korea and around 1500 mm/year in China and Japan (Fig. 2(a)).
NO3
 concentration in precipitation was in the decreasing order
China, Korea, Japan. NO3
 concentration in China was near 50 meq/
L, and that in Korea was 40 meq/L; around twice that in Japan of
15e20 meq/L (Fig. 2(b)). Fig. 2(e) shows that NOx emissions in
China exhibited a consistent expansion, and this increase was more
than twofold between 2000 and 2010 obtained by analyzing sat-
ellite observations (Itahashi et al., 2014b). However, NO3
 con-
centration in precipitation above China did not increase; it leveled
off near 50 meq/L. In addition, the trends in NO3
 concentration in
precipitation above Korea and Japan were not consistent with the
NOx emissions of each country. Nss­SO4
2 concentration in pre-
cipitation was also in the decreasing order China, Korea, Japan, the
same as for NO3
 concentration in precipitation. The nss­SO4
2
concentration in precipitation above China (200e400 meq/L) was
almost an order of magnitude larger than that above Japan
(20e30 meq/L), and that above Korea (60 meq/L) was almost twice
that in Japan (Fig. 2(c)). SO2 emissions from China reached a peak
in 2005e2006 (Fig. 2(e)). Partly because of the variations in SO2
emissions, nss­SO4
2 concentration in precipitation above China
showed a high concentration of around 400 meq/L in 2006, and
then subsequently declined from 2007 to 2011 to around 200 meq/L
(Fig. 2(c)). However, high nss­SO4
2 concentration in precipitation
in 2000 could not be explained by SO2 emissions alone. Variations
in SO2 emissions from Korea and Japan were constant or declined
between 2000 and 2008, and nss­SO4
2 concentration in precipi-
tation above Korea and Japan did not exhibit a clear relationship
with the SO2 emissions. Relatively high nss­SO4
2 concentrations
in precipitation in Japan during 2000e2002 was partly caused by
the SO2 emissions from Miyakejima volcano in 2000 (Itahashi
et al., 2014a). Except for this peak in Japan, nss­SO4
2 concentra-
tions in precipitation above Korea and Japan were high during
2005e2007, which might be connected to the variations in SO2
emissions from China. Therefore, there were no clear temporal
variations in NO3
 and nss­SO4
2 concentrations in precipitation
above China, Korea, and Japan, as expected from the changes in
emissions.
The changes in precipitation and NO3
 and nss­SO4
2 concen-
trations in precipitation did not provide useful information for
2000e2011 above China, Korea, and Japan; therefore, we focus on
Ratio as a useful index (Fig. 2(d)). The long-term trends in Ratio are
analyzed for the period 2000e2005 (ﬁrst six years of 2000e2011),
and for 2006e2011 (last six years of 2000e2011). As we reported in
our previous study (Itahashi et al., 2014a), Ratio in Japan was
0.5e0.6 during 2000e2005, and increased to 0.6e0.7 during2006e2011. The linear regression analysis for observed Ratio in
Japan showed a constant trend (þ1.1 ± 1.3%/year, no signiﬁcant
difference by Student's t-test) during 2000e2005 and a signiﬁcant
increase (þ3.4 ± 1.0%/year, p < 0.05 by Student's t-test) during
2006e2011. The slight difference from our previous study (Itahashi
et al., 2014a) stemmed from the outlier test used in this study.
Compared with the behavior of Ratio above Japan, Ratio over China
and Korea showed a more drastic increase during 2006e2011.
Because of the data restriction by signiﬁcance tests, Ratio in Korea
during 2000 and 2001 was not used. Ratio in Korea increased from
near 0.5 to around 1.0 during 2006e2011, and the linear regression
analysis for observed Ratio in Korea showed a large, signiﬁcant
increase (þ13.2 ± 4.1%/year, p < 0.05 by Student's t-test) during
2006e2011. Above Korea, a simultaneous dip in NO3
 concentra-
tion in precipitation and peak in nss­SO4
2 concentration in pre-
cipitation for 2007was found, and this led to the abrupt decrease of
Ratio in 2007. Ratio in China was 0.2e0.4 during 2000e2005, and
increased to 0.5 during 2006e2011. The relatively small value of
Ratio in China compared with those in Korea and Japan is caused by
the relatively large concentration of nss­SO4
2 in precipitation in
China. The linear regression analysis for observed Ratio in China
showed a non-signiﬁcant decrease (7.1 ± 3.7%/year) during
2000e2005 and a large, signiﬁcant increase (þ9.8 ± 2.5%/year,
p < 0.05 by Student's t-test) during 2006e2011. To summarize the
observation dataset, Ratio in East Asia decreased or remained
constant during 2000e2005 and subsequently increased dramati-
cally during 2006e2011.
The amount of NOx and SO2 emissions (Kurokawa et al., 2013)
and the NOx/SO2 mole ratios in anthropogenic emissions from
China, Korea, and Japan are shown in Fig. 2(e). The emission ratios
for Korea and Japanwere in the range of 5e6, which is much larger
than that of China because themagnitudes of the relations between
NOx and SO2 emissions were different. The NOx/SO2 emission ratio
for Korea formed a sharp peak and that for Japan was a constant
decrease. These changes in the NOx/SO2 emission ratio were quite
different from the variations in Ratio for precipitation for the same
country. In contrast to the trends in NOx/SO2 emission ratio in
Korea and Japan, the emission ratio of NOx/SO2 in Chinawas almost
constant (approximately 1.3) from 2000 to 2005, and then it line-
arly increased to 1.7 in 2008. This large variability in the NOx/SO2
emission ratio in China was caused by the increase in NOx emis-
sions and decline in SO2 emissions after 2005. This variation in the
emission ratio of NOx/SO2 in China corresponded remarkably well
to the variations in Ratio in precipitation above China, Korea, and
Japan. These results clearly indicate the large effect that Chinese
emissions have on precipitation chemistry over East Asia. To eval-
uate the effects of emission changes in China on precipitation
chemistry further, especially on the behavior of Ratio, model sim-
ulations were conducted, and the results are discussed in the next
section.
3. Investigation of factors that increase ratio over East Asia by
numerical model
3.1. Model description
Model simulations over East Asia were conducted with the
regional chemical transport model of the Community Multi-scale
Air Quality (CMAQ) modeling system version 4.7.1 (Byun and
Schere, 2006). The conﬁguration of model is the same as in our
previous study (Itahashi et al., 2014a); hence, we only describe it
here brieﬂy. Themodel domain covers all of East Asiawith an 80 km
horizontal grid resolutionwith a 98 78 grid, and a vertical grid on
sigma-pressure coordinates extended to 50 hPa with 37 layers. The
years 2000e2010 were simulated in our previous work (Itahashi
Fig. 2. Temporal variation in annual mean of (a) precipitation, (b) NO3
 concentration in precipitation, (c) nss­SO4
2 concentration in precipitation, (d) NO3
/nss­SO4
2 ratio in
precipitation for 2000e2011, and (e) NOx/SO2 ratio in anthropogenic emissions and amounts for 2000e2008 observed above (i) China, (ii) Korea, and (iii) Japan. The mean values
and standard deviations are denoted by the thick line with closed circles and shaded areas, respectively.
S. Itahashi et al. / Atmospheric Environment 118 (2015) 87e97 91et al., 2014a), and we conducted additional calculations for 2011;
each year was calculated with a 1 month model spin-up from the
previous year.
Anthropogenic emissions and natural sources of NOx from soil
were obtained from the latest Regional Emission inventory in ASia
(REAS) version 2.1 (Kurokawa et al., 2013). REAS version 2.1 covers
the years from 2000 to 2008. Therefore, two sensitivity simulations
were prepared to investigate the controlling factors in the changes
in chemical composition of precipitation during 2009 and 2011. The
setups for the two sensitivity simulations were as follows: 1) the
model simulation with anthropogenic emissions in 2009e2011
from China were ﬁxed at the 2008 level (ﬁxed emissions case), and
2) the model simulation with estimated emissions in 2009e2011
for NOx and SO2 (estimated emissions case). These estimates were
set based on the inverse estimation with the constraint of the
satellite observations; the details of the estimation method arepresented in Itahashi et al. (2014b) for NOx and in Itahashi et al.
(2012) for SO2. The anthropogenic NOx emissions from China
were set at 27.2 Tg/year for 2009, 29.6 Tg/year for 2010, and 32.9 Tg/
year for 2011; and the anthropogenic SO2 emissions from China
were set at 30.5 Tg/year for 2009, 27.7 Tg/year for 2010, and the
same levels as 2010 for 2011. Note that the change in the spatial
distribution was not considered in this emission estimation, only
the total amount of NOx and SO2 emissions was adjusted. Other
emission sources (biogenic and biomass burning) used corre-
sponding inventories for 2009, 2010, and 2011 in the sensitivity
simulation, because our focus was the effect of anthropogenic
emissions.
3.2. Evaluation of modeling reproducibility
The modeling reproducibility of the amount of precipitation,
S. Itahashi et al. / Atmospheric Environment 118 (2015) 87e9792NO3
 and nss­SO4
2 concentration in precipitation, and Ratio in
precipitation determined by comparing observational data across
Japan has been already reported (Itahashi et al., 2014a). The analysis
periodwas extended in this study to 2011, and the SmilnoveGrubbs
test was used to analyze long-term variation in the 12 years be-
tween 2000 and 2011. We present the validation of modeling
reproducibility over Japan again and those for over China and Ko-
rea. Fig. 3 shows the amount of precipitation, NO3
 and nss­SO4
2
concentration in precipitation, and Ratio in precipitation as a scat-
terplot on logarithmic scales. Each data point on the plot corre-
sponds to an annual mean for a site. These data are plotted for
2000e2011, and model simulation results are taken from the esti-
mated emissions. For reference, 1:1, 1:2, and 1:3 lines are also
inserted in Fig. 3. Tables 2e5 list the statistical analysis of model
validity for precipitation amount, NO3
 concentration in precipi-
tation, nss­SO4
2 concentration in precipitation, and Ratio,
respectively. For precipitation, the model underestimated the
observed precipitation amount although it performed acceptably,
with normalized mean bias and error of 27e50%. The model
simulation underpredicted the precipitation amount in China
rather than in Korea and Japan. The correlation between the ob-
servations and themodel simulationwas better for China and Korea
than for Japan. Student's t-test showed that these correlations are
statistically signiﬁcant (p < 0.001). The skill scores, which accountFig. 3. Scatterplot of the annual mean observation (x-axis) and model simulation (y-axis)
amount, (b) NO3
 concentration in precipitation, (c) nss­SO4
2 concentration in precipitatio
taken from the results of the estimated case. Reference lines are provided at ratios 1:1, 1:2for correlation and standard deviations of the two datasets, were
around 0.7. For NO3
 and nss­SO4
2 concentration in precipitation,
70e99% of the model results and observations corresponded
within a factor of 2 (Tables 3 and 4). The model results exhibited a
moderate correlation (0.4e0.5) in China, and a strong correlation
(0.7e0.8) in Korea and Japan. The modeling system can generally
capture the observations over East Asia with a statistical signiﬁ-
cance level of p < 0.001. The modeling reproducibility for NO3
 and
nss­SO4
2 concentrations in precipitation would partly stem from
the underprediction of precipitation. Overall, our modeling system
handled the observed features of the precipitation and concentra-
tions of NO3
 and nss­SO4
2 in precipitation over East Asia well
compared with more than 200 annual-mean ground-based obser-
vation datasets for 2000e2011.
In addition to the reproducibility of precipitation and chemical
components in precipitation over East Asia, our modeling system
can reproduce Ratiowith more than 79% of results agreeing within
a factor of 2, and more than 97% of results agreeing within a factor
of 3 (Table 5). Skill scores in China, Korea, and Japan were around
0.7, which implies a good correlation considering standard de-
viations. The normalized mean bias is below 20%, and the
normalized mean error is 25e40%. It is generally recognized that
the meteorological model has some difﬁculty reproducing precip-
itation, which causes difﬁculty in capturing the chemicalat each site in China (cross), Korea (diamond), and Japan (square) for (a) precipitation
n, and (d) NO3
/nss­SO4
2 ratio in precipitation for 2000e2011. Model simulations are
, and 1:3.
Table 2
Statistical comparison of observations and model simulations for precipitation amount for 2000e2011.
Statistical quantity China Korea Japan
Number of data 91 32 118
Mean (mm/year) Observation 1273.8 1141.8 1515.7
Model 678.6 714.1 1101.2
Standard deviation (mm/year) Observation 673.3 299.0 584.5
Model 440.9 220.8 566.9
Slope 0.40 0.13 0.45
Intercept 163.9 566.9 412.7
Correlation coefﬁcient 0.62 0.63 0.47
Signiﬁcance level by student's t-test <0.001 <0.001 <0.001
Skill score 0.68 0.65 0.73
Normalized mean bias (%) 46.7 37.5 27.4
Normalized mean error (%) 49.9 40.9 38.0
Root mean square error (mm/year) 797.3 546.0 724.2
Predictions within a factor of 2 of observations (%) 48.4 75.0 72.9
Predictions within a factor of 3 of observations (%) 79.1 96.9 98.3
Table 3
Statistical comparison of observations and model simulations for NO3
 in precipitation for 2000e2011.
Statistical quantity China Korea Japan
Number of data 77 29 108
Mean (meq/L) Observation 55.3 40.5 16.5
Model 68.4 59.1 20.9
Standard deviation (meq/L) Observation 35.4 12.1 7.8
Model 54.9 27.6 10.4
Slope 0.70 1.81 1.12
Intercept 29.6 13.9 2.3
Correlation coefﬁcient 0.45 0.79 0.84
Signiﬁcance level by student's t-test <0.001 <0.001 <0.001
Skill score 0.60 0.49 0.85
Normalized mean bias (%) 23.5 46.1 26.7
Normalized mean error (%) 64.7 50.6 33.9
Root mean square error (meq/L) 51.8 27.0 7.2
Predictions within a factor of 2 of observations (%) 70.1 89.7 99.1
Predictions within a factor of 3 of observations (%) 88.3 100.0 100.0
Note: Model simulations for 2009e2011 are taken from the sensitivity simulation of estimated case.
Table 4
Statistical comparison of observations and model simulations for nss­SO4
2 in precipitation for 2000e2011.
Statistical quantity China Korea Japan
Number of data 80 29 109
Mean (meq/L) Observation 251.8 64.4 28.6
Model 155.9 84.3 41.5
Standard deviation (meq/L) Observation 236.0 16.8 10.5
Model 117.1 23.5 17.5
Slope 0.26 1.01 1.29
Intercept 89.9 19.1 4.7
Correlation coefﬁcient 0.53 0.72 0.77
Signiﬁcance level by student's t-test <0.001 <0.001 <0.001
Skill score 0.49 0.77 0.70
Normalized mean bias (%) 38.1 30.9 45.5
Normalized mean error (%) 44.4 32.0 47.5
Root mean square error (meq/L) 222.3 25.7 17.4
Predictions within a factor of 2 of observations (%) 71.3 96.6 88.1
Predictions within a factor of 3 of observations (%) 90.0 100.0 100.0
Note: Model simulations for 2009e2011 are taken from the sensitivity simulation of the estimated case.
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lem can be avoided by using Ratio, which is another advantage of
using Ratio for model simulations. Our modeling system also
captured Ratio in precipitation, which was used in this study to
evaluate the substantial changes in precipitation over East Asia.
The modeled spatial distribution of the precipitation amount,
the chemical components in precipitation, and Ratio over East Asia
averaged between 2000 and 2011 are plotted in Fig. 4. The annual
mean precipitation over East Asia shows a clear geographicaldependence on latitude; a high amount of precipitation
(>3000 mm/year) over the Paciﬁc Ocean, and a low amount of
precipitation (<500 mm/year), especially over northern China. A
high concentration of the chemical components in precipitation is
found over northern China and decreases toward the east on the
half-level (Korea and western Japan) and on the quarter-level
(eastern Japan and Paciﬁc Ocean). The spatial distribution pat-
terns of NO3
 and nss­SO4
2 concentration in precipitation are
similar, although the differences are clear in the analysis of Ratio in
Table 5
Statistical comparison between observations and model simulations for NO3
/nss­SO4
2 ratio in precipitation for 2000e2011.
Statistical quantity China Korea Japan
Number of data points 75 29 105
Mean Observation 0.34 0.68 0.60
Model 0.39 0.64 0.57
Standard deviation Observation 0.17 0.19 0.15
Model 0.16 0.19 0.19
Slope 0.51 0.40 0.44
Intercept 0.2 0.3 0.3
Correlation coefﬁcient 0.53 0.40 0.37
Signiﬁcance level by student's t-test <0.001 <0.05 <0.001
Skill score 0.76 0.70 0.65
Normalized mean bias (%) 17.9 6.8 5.2
Normalized mean error (%) 40.4 25.0 30.7
Root mean square error 0.17 0.21 0.22
Predictions within a factor of 2 of observations (%) 78.7 100.0 91.4
Predictions within a factor of 3 of observations (%) 97.3 100.0 99.0
Note: Model simulations for 2009e2011 are taken from the sensitivity simulation of the estimated case.
Fig. 4. Spatial distribution of modeled (a) precipitation amount, (b) NO3
 concentration in precipitation, (c) nss­SO4
2 concentration in precipitation, and (d) NO3
/nss­SO4
2 ratio
in precipitation averaged over 2000e2011.
S. Itahashi et al. / Atmospheric Environment 118 (2015) 87e9794precipitation. Ratio over East Asia during 2000e2011 varies at
different locations. Above western China, the higher concentration
of nss­SO4
2 compared with that of NO3
, Ratio is below 0.3.
However, in eastern China along the coastline and above Korea,
Ratio is near 0.5, which means the molar quantities of nss­SO4
2
and NO3
 concentration are the same. The behavior of Ratio over
Japan was more complex. On the one hand, for western to eastern
Japan and the coastline of the Sea of Japan, Ratio is near 0.6, and
Ratio is greater than 0.7 over eastern Korea to the Sea of Japan. On
the other hand, for western to central Japan and the coastline ofPaciﬁc Ocean, Ratio is near 0.4. This is mainly caused by the large
eruption of Miyakejima volcano in 2000 (Itahashi et al., 2014a). The
geographical variation of Ratio over Japan generally corresponded
well to the results of a previous analysis of observations (Fujita,
2013). However, compared with observations for Tokyo and
Komae, the model simulation tended to underestimate Ratio. This
was mainly caused by the local contribution of ﬁne-mode NO3
. To
improve the modeling reproducibility further, simulation at a ﬁner
resolution is required. For the Paciﬁc Ocean, Ratio was above 0.7.
The larger value of Ratiomay be partly attributed to the amount of
S. Itahashi et al. / Atmospheric Environment 118 (2015) 87e97 95wet deposition of coarse-mode NO3
 because the deposition
derived from long-range transport of ﬁne-mode aerosols decreases
over open oceans.3.3. Sensitivity analysis for investigating factors that increase ratio
The modeling system used in this study was fully validated by
comparison with observations across East Asia. Signiﬁcantly
increasing trends in observed Ratio were identiﬁed from the
observation dataset for China (þ9.8 ± 2.5%/year between 2006 and
2011), Korea (þ13.2 ± 4.1%/year between 2006 and 2011), and Japan
(þ3.4 ± 1.0%/year between 2006 and 2011) (each p < 0.05 by Stu-
dent's t-test). The increase was accompanied by an increase in the
emission ratio of NOx/SO2 in China, which we attributed to the
large effect of anthropogenic emissions from China on precipitation
chemistry over Japan. In 2005e2006, SO2 emissions in China
peaked and they have been declining since then, even though NOx
emissions have been continuously rising. Consequently, an increase
in both the NOx/SO2 emission ratio and Ratio is expected. To
investigate this more closely, a sensitivity analysis of the model
simulation was conducted for 2009e2011, and the controlling fac-
tors in the increase of Ratio were examined.DN ¼ NO3 estimated caseð Þ
.
nss­SO4
2 fixed caseð ÞeNO3 fixed caseð Þ
.
nss­SO4
2 fixed caseð Þ (3)
DS ¼ NO3 fixed caseð Þ
.
nss­SO4
2 estimated caseð ÞeNO3 fixed caseð Þ
.
nss­SO4
2 fixed caseð Þ (4)The spatial distribution of Ratio is shown in Fig. 4(d), which is
the average value for 2000e2011. Ratio over East Asia increased
dramatically in 2006e2011; therefore, the spatial distribution of
Ratio during 2000e2005 and 2006e2011 are illustrated in Fig. 5(a).
The large increase from 2000e2005 to 2006e2011 was revealed by
comparing these variations. Moreover, Fig. 5(b) shows the linear
regression analysis for each period. During 2000e2005, the trend
in Ratio is not clear. The increase of 5e10% around Japan stemmed
from the eruption on Miyakejima in 2000. The large increase of
nss­SO4
2 concentration decreased Ratio, and the settling of the
volcanic activity toward 2005 increased Ratio. In contrast, the trend
for Ratio during 2006e2011 is clear above all regions in East Asia.
The annual mean increase was near 10% above China (up
to þ15e20% in some areas) and Korea, and around 5% in Japan. The
modeling results for this increase for Ratio correspondedwell to the
observations.
Finally, the controlling factors of the variations in Ratio are
examined by two sensitivity simulations. Differences between Ratio
of the estimated emissions case and ﬁxed emission case averaged
over 2009e2011 (DNS) are described asDNS ¼ NO3 estimated caseð Þ
.
nss­SO4
2 estimated caseð ÞeNO3 fixed caseð Þ
.
nss­SO4
2 fixed caseð Þ (2)where the sufﬁxes N and S indicate that both NO3
 and nss­SO4
2
concentration in precipitation were used for the estimated emis-
sions case, and this is shown in Fig. 6(a). This clearly indicates thatthe increase of Ratio in the estimated case from the ﬁxed emission
case and the large increase (þ0.20) of Ratio are found over eastern
China and western Sea of Japan. Differences in Ratio between
sensitivity simulations range from 0.05 to 0.15 above southern
China and Korea, and from 0.00 to 0.10 above Japan. This increase in
Ratio evaluated by the sensitivity simulation for the estimated
emissions case during 2009e2011 corresponded well to the
observed increase in Ratio from 2008 (Fig. 2). Note that the repro-
ducibility of chemical components in precipitation and Ratio in
precipitation decreased when the ﬁxed emissions casewas used for
evaluation.
The variations in Ratio were mainly caused by the increase in
NOx emissions from China and the decline in SO2 emissions from
China. To investigate which factors play a signiﬁcant role in the
increase of Ratio over East Asia, the effects of emission changes
were analyzed. The relative contributions of NOx and SO2 emission
changes were investigated for two parameter settings: NO3
 con-
centration in precipitation (estimated emissions case) with
nss­SO4
2 concentration in precipitation (ﬁxed emissions case),
and NO3
 concentration in precipitation (ﬁxed emission case) with
nss­SO4
2 concentration in precipitation (estimated emission
case). These settings can be written in the same form as Eq. (1) asThese equations were used to investigate the effects of the
changes in NOx and SO2 emissions on Ratio. To evaluate the relative
importance of changes in NOx and SO2 emissions, their effects were
normalized by using DNS.
Effect of NOx emission change ¼ DN=DNS (5)
Effect of SO2 emission change ¼ DS=DNS (6)
The results are displayed in Fig. 6(b) and (c). The effects of
emission changes in China on Ratio were different over East Asia.
Above China, the effects of NOx emission increase in China was
55e60%; strong from the Asian continent to the Yellow Sea, the East
China Sea, and western Japan (50e55%), and then it decreased
above the Paciﬁc Ocean (below 50%). In contrast, the effects of the
decline in SO2 emissions were smaller above China (below 40%),
larger over eastern and northern Japan (35e45%), and much larger
over the Paciﬁc Ocean (above 50%). The sum of these contributions
does not match the results of the estimated emissions case. This ispartly because of the nonlinear production of NO3
 through com-
plex chemical reactions. The effects of the changes in the emissions
presented in Fig. 6(b) and (c) were averaged for each country. In
China, the effects of the increase in NOx emissions was 57.2% and
Fig. 5. (a) NO3
/nss­SO4
2 ratio in precipitation averaged over (i) 2000e2005 and (ii) 2006e2011; (b) Annual trend of NO3
/nss­SO4
2 ratio in precipitation by linear regression
analysis in (i) 2000e2005 and (ii) 2006e2011.
Fig. 6. (a) Changes in NO3
/nss­SO4
2 ratio in precipitation averaged over 2009e2011 from the model simulation with the ﬁxed emission case for the model simulation and the
estimated emission case (DNS). Effect on variation in NO3
/nss­SO4
2 ratio in precipitation caused by (b) NOx emission changes in China, and (c) SO2 emission changes in China.
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and 38.2%, and in Japan they were 54.3% and 39.8%. In our previous
study, we concluded that an increase in NOx emissions from China
and a decline in SO2 emissions fromChina played equally important
roles in increasing Ratio over Japan. The increase of NOx emissions
and decline of SO2 emissions contributed 50% and 45%, respectively,
to the increase in Ratio (Itahashi et al., 2014a, Table 3). The differ-
ences in the effects of the emission changes were caused by theestimated emissions in 2011. In 2011, NOx emissions expanded
further from 2010, whereas the SO2 emissions used were the same
as in 2010; therefore, the effect of NOx emissions changes are much
larger in 2011.
4. Concluding remarks
The variations in precipitation chemistry were analyzed
S. Itahashi et al. / Atmospheric Environment 118 (2015) 87e97 97between 2000 and 2011, focusing on the behavior of Ratio, which is
deﬁned as NO3
/nss­SO4
2 concentration in precipitation. The
emissions trend over China, where NOx emissions have been
continuously increasing and SO2 emissions have been decreasing
since 2005e2006, have a substantial effect on precipitation
chemistry over East Asia. In our previous study (Itahashi et al.,
2014a), we found that an increase in NOx emissions and a decline
in SO2 emissions from China contributed almost equally to the in-
crease in Ratio over Japan. We applied this approach to precipita-
tion chemistry above China and Korea, and further extended the
analysis period to 2011. Ratio above China, Korea, and Japan showed
a slight decrease or no change between 2000 and 2005, and sub-
sequently increased from 2006 to 2011. The linear increases during
2006e2011 were signiﬁcant, at þ3.4 ± 1.0%/year in
Japan, þ13.2 ± 4.1%/year in Korea, and þ9.8 ± 2.5%/year in China
(each p < 0.05). The changes in Ratio corresponded well to the
changes in the NOx/SO2 emission ratio from China but not from
Korea and Japan. To investigate the effect of emission changes in
China further, we conducted a model simulation with a sensitivity
simulation. Our modeling system captured the observed precipi-
tation, NO3
 and nss­SO4
2 concentration in precipitation, and
Ratio in precipitation for 2000e2011. Two sensitivity simulations
were conducted for 2009, 2010, and 2011 with 1) ﬁxed emissions in
2008 and 2) estimated Chinese emissions with the constraint of the
satellite observation data. This analysis clariﬁed that the increase in
NOx emissions from China was responsible for 55e60% of the ef-
fects on Ratio above China and 50e55% for Korea to Japan. The ef-
fect of the decline in SO2 emissions from China had a larger
contribution to the downwind region of Chinawith less than 40% in
China and 35e45% in Korea and Japan. The behavior of Ratio and the
acidifying species in precipitation over East Asia should be moni-
tored because high anthropogenic emissions are an ongoing
problem. The observation data in this study is limited in southern
China; hence, the analysis above northern China is necessary for
evaluating the behavior of precipitation chemistry in China further.
In addition, several previous simulation studies have described the
discrepancies of the contribution of China to downwind regions
(e.g., Ge et al., 2014); therefore, the comparison of studies, espe-
cially for emissions, is needed to reduce the uncertainty.Acknowledgments
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